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Objectives. This study was conducted to determine the preva.
lence of myocardial perfusion abnormalities at rest and exercise
and to saw exercise capacity in children after the arterial switch
operation .
Background. There have been sporadic reports of myocardial
isch or sudden death in children after the arterial switch
operation for transposition of the great arteries, possibly related
to Inadequate coronary perfusion due to kinking or stenosis of the
t
	
bated coronary arteries.
Me .
Myocardial perfusion at rest and peak exercise was
assessed using the scintigraphic agent technetium૕99m methoxy
isobutyl isonitri a (sestamibi) . Exercise capacity was determined
with a modified Bruce protocol . Ambulatory electr diographic
(ECG) Halter monitoring was performed . Ventricular function,
contractility and wall motion were assessed echocardiographi .
cally .
Resu ts
. Twenty૕three children (a 4.2 to 7 .9 years) under૕
went evaluation . Abnormalities were found on the rest perfusion
scans in 22 children (95.6%). The left ventricular myocardium
was divided into 13 segments for analysis . Of 294 rest segments,
225 (75.3%) were normal, 11 (3.7%) showed mild defects, 45
The arterial switch operation is currently the procedure of
choice for correction of transposition of the great arteries
and transposition૕like forms of double૕outlet right ventricle
at many institutions (1૕4). The tong૕term success of this
operative approach depends principally on the continued
patency and adequate functioning of the coronary arteries,
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(15%) moderate defects and 16 (6%) severe defects at rest. At
peak exercise, 237 segments (79 .3%) were normal, 24 (8%)
showed mild defects, 33 (11%) moderate defects and 5 (1 .7%)
severe defects, Compared with rest studies, myocardial perfusion
grade at exercise was unchanged In 2 segments (82.3%),
improved in 42 (14%) and worsened In 11(3 .7%). All patients had
normal exercise tolerance without symptoms or ischemic ECG
changes. No ventricular tachycardia was seen on Halter monitor૕
ing . All patients had a shortening fraction a27% . Left ventricular
contractility was no in 12 children in whom it was assessed .
Regional wall motion was normal in 17 children with adequate
ec diographic images for this analysis .
Conclusions . Myocardial perfusion scan abnormalities assessed
by technetium૕99m sestamibi are common after an arterial switch
operation. These abnormalities are of uncertain clinical signifi૕
cance and generally lessen with exercise. The normal exercise
tolerance without symptoms or ECG changes suggests that myo૕
cardial
perfusion
is adequate during the physiologic stress of
exercise in children up to 8 years after an arterial switch opera૕
tion .
(J Am Coll Cardiol 1994;23.424૕33)
which are mobilized and transferred to the neoaorta during
surgery .
Animal (5) and human (6,7) studies have suggested ade૕
quate short૕term growth of the coronary૕aortic anastomo૕
ses. However, sporadic reports (1,2,4,8૕11) of late myocar૕
dial ischemia or sudden death after the arterial switch
operation may be related to inadequate coronary perfusion .
Mechanisms of coronary underperfusion may include ana૕
tomic kinking or stenosis (6,9,12) and abnormal coronary
vasomotion in response to increased myocardial oxygen
demand . Previous studies using thallium૕20l myocardial
scintigraphy have revealed myocardial perfusion abnormal૕
ities both at rest (13,14) and with pharmacologic stress after
the arterial switch operation (15) . However, it is uncertain
whether pharmacologic stress adequately mimics the physi૕
ologic responses to stress and changes in loading conditions
encountered in daily life .
We investigated the prevalence of myocardial perfusion
abnormalities in children after the arterial switch operation
at rest and with the physiologic stress of exercise, using
0735૕10971941$7 .00
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myocardial perfusion single૕photon emission computer to૕
mography (SPECT) . A secondary aim was to assess exercise
capacity, left ventricular contractility, regional wall motion
and 24૕hour ambulatory electrocardiographic (ECG) moni૕
toring which may provide indirect evidence of myocardial
ischemia (16,17) .
Methods
Study patients, Eligibility criteria for participation in this
study i , . `uded 1) an arterial switch operation at the Chil૕
dren's hospital of Boston between January 1983 and Decem૕
ber 1986 ; 2) age =4 years ; and 3) no physical limitations
precluding exercise testing . The study was approved by the
Human Investigations Committee of our institution . In૕
formed consent was obtained for each participant .
Patient demographics . Of the 32 patients who met eligi૕
bility requirements, 23 participated in this study . Clinical
characteristics of the study participants are presented in
Table I and represent a typical cross section of patients who
have had the arterial switch operation at our institution .
There were 16 boys and 7 girls. Sixteen children had
d૕transposition of the great arteries and an intact (or virtually
intact) ventricular septum . Patient 10 had a tiny muscular
septal defect that was not surgically closed but did close
spontaneously (as assessed by subsequent echocardiograms
and angiograms). One girl (Patient 15) had aortic coarctation
repaired 4 days before her arterial switch operation .
Seven patients had a ventricular septal defect closed at
the time of the arterial switch operation . The defect in
Patient 17 was closed by suture, whereas defects in six
patients were closed with patches . Patient 23 had the Taussig૕
Bing type of double૕outlet right ventricle with coarctation of
the aorta and underwent neonatal coarctation repair and pul૕
monary artery band placement ; at age 2 .4 years, he underwent
the arterial switch operation with ventricular septal defect
closure and pulmonary artery plasty .
Fourteen patients had "usual" coronary arteries for
transposition (8) . In seven, the circumflex coronary artery
arose from the right coronary artery, with the left anterior
descending coronary artery arising independently from the
left anterior "facing" sinus. One child (Patient 1) had the
major coronary artery arise from the right posterior "facing"
sinus, giving rise to the right and left main coronary arteries .
The left main coronary artery pursued a retropulmonary
course and then bifurcated into the left anterior descending
and circumflex coronary arteries . A small coronary artery
arose from the left anterior "facing" sinus, giving off small
infundibular branches . Patient 23 had a single left coronary
artery from the left anterior "facing" sinus, which bifurcated
into the left and right main coronary arteries .
The median age at time of arterial switch operation was 5
days. Twenty૕two patients had a primary arterial switch
operation, 17 as neonates (<28 days) and 5 (4 of whom had
ventricular septal defects) between 3 and 4 months of age .
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Only Patient 23 underwent the arterial switch operation at
>5 months of age .
Surgery was performed under deep hypothermic circula૕
tory arrest (rectal temperature of 18° to 20°C) . Surgical
techniques for the arterial switch operation, with or without
ventricular septal defect closure, have been previously re૕
ported (1,18). Lecompte's maneuver (19) was used in all
patients to establish right ventricle to pulmonary artery
continuity. All patients had suture closure of atrial septal
defects and ligation with division of the ductus arteriosus at
the time of the arterial switch operation . Ventricular apical
vents were not used in any patient .
Twenty patients had a single administration of cold car૕
dioplegic solution and three received a second dose (Patients
18, 20 and 22) . The aortic cross૕clamp time ranged from 52 to
101 min (mean ± SD 72 .8 ± 13.6) . Total cardiopulmonary
bypass time ranged from 92 to 178 min (mean 124 .8 ± 20.1).
The postoperative course was unremarkable for 20 of the
23 patients . Patient 7 underwent closure of a residual atrial
septa] defect on postoperative day 3 . Patient 13 developed
cardiac tamponade 4 h postoperatively, requiring a brief
period of cardiac massage before surgical control of bleed૕
ing. This patient also had a reoperation for relief of supra૕
valvular pulmonary stenosis at 7 years of age (before this
study). At the time of this study, he had moderate supraval૕
vular pulmonary stenosis with a 40 mm Hg gradient by
Doppler echocardiography .
The age at time of study ranged from 4.2 to 7 .9 years
(mean 5 .9 ± 1 .1). All patients were fully active and asymp૕
tomatic . Patient 17 was taking digoxin for intermittent su૕
praventricular tachycardia . No other patient was taking
cardioactive medications .
All postarterial switch cineangiograms were reviewed
(Table 1). Previous and
subsequent
coronary artery angiog૕
raphy (selective in 3, aortic root injection in 20) were
reviewed to identify coronary artery abnormalities . Patient
20 had a severe proximal stenosis of the left coronary artery,
with extensive collateral vessels from a dilated right coro૕
nary artery and retrograde filling of the smaller left coronary
artery. No other patient had angiographic evidence of coro૕
nary artery stenosis or obstruction .
Study protocol and testing . Standard noninvasive criteria
used to assess myocardial ischemia in adults were modified
for use in children . These included assessment of symptoms,
left ventricular function and wall motion by echocardiogra૕
phy, exercise tolerance, ventricular ectopic beats or isch૕
emic changes on the ECG and myocardial nuclear perfusion
SPECT (16,17,20) .
A single૕day comprehensive outpatient evaluation was
performed on each child . On arrival in the outpatient clinic,
an intravenous line was placed for administration of the
myocardial imaging agent . Children were allowed to calm
down to allow heart rate to return to baseline before the first
(rest) dose of nuclear perfusion tracer was administered . An
echocardiogram was performed before rest myocardial per૕
fusion imaging . After rest imaging, an exercise treadmill test
Table 1. Patient Characteristics
Ventricular septa) defect (VSD) types: a = m,.mbranous, b = subpulmonaty, c = subaortic, d = malalignment . tCoronaty anatomy (CorAnat) types (Ref 8)
: 1 = "usual" for transposition (that is. left anterior
descending and circumflex coronary arteries aristatg from the left anterior "facing" sinus and right coronary artery arising from the right posterior ૕facing" sinus), 2 = left circumflex coronary artery from right coronary
artery, 3 = single coronary artery from right posterior "facing" sinus, 4 = single coronary artery from left anterior "facing" sinus . *Not interpretable because of postoperative complete right bundle branch block .
§Exercise tolerance (% tile) = percentile based on comparison of exercise duration to published age૕ and gender૕matched norms (Ref 28,29) . (Exercise test terminated when patient fell from treadmill. )Exercise test
terminated when patient refused to continue. Ang(o = anoographie; AR = aortic regurgitation; Ave HR = average heart rate during 24૕b ambulatory eleetrocardiographic (ECG) monitoring; CPBT = total
cardiopulmonary bypass time during the arterial switch operation; CS = coronary stenosis; F = female; lsch = ischemic ST segment changes ; M = male
; Max HR = maximal heart rate during 24૕h ambulatory ECG
monitoring or exercise treadmill test; Min HR = minimal heart rate during 24૕h ambulatory ECG monitoring or exercise treadmill test ; Mod = moderate
; nm = not measurable; nsp = nonspecific ST segment or T
wave changes; Op = arterial switch operation ; Postop = immediate (that is, 24૕h) postoperative ; Pt = patient ; RBBB = complete right bundle branch block on rest ECG ; RWMA = regional wall motion abnormalities
from two૕dimensional echocardiograms ; SF = shortening fraction from M૕modc echocardiograms; ST૕T = changes in ST segment or T wave on ECG; Supra AS//PS = supravalvular aortic or pulmonary stenosts by
echocardiography (peak instantaneous Doppler gradient) ; Tr = trace; XCT = aortic cross૕clamp time during the arterial switch operation.
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was conducted, during which a second dose of tracer was
given. After 45 to 60 min peak exercise imaging was per૕
formed. Children were then fitted with a 24૕h ambulatory
ECG Holter monitor before leaving .
Echocardirygraphic studies . Standard two૕dimensional,
oppler and M૕mode echocardiography was performed on
all children . Left ventricular shortening fraction and contrac૕
tility were measured by previously described techniques
(21). The relation between end૕systolic wall stress and the
rate૕corrected velocity of circumferential fiber shortening
was used to provide a load૕independent measure of left
ventricular contractility (21) . All tracings for this analysis
were digitized by one of us, (S.D.C .), who had previously
analyzed all control studies and had no knowledge of the
results of the myocardial perfusion imaging .
Regional wall motion analysis was made from the two૕
dimensional echocardiograms using the Dextra D૕200 Car૕
diac Analysis System (software version 1 .20, Dextra Medi૕
cal Inc .). Planimetry of the endocardial border was
performed on end૕diastolic and end૕systolic images from`
subxiphoid short૕axis and apical four૕chamber views. A
floating center of mass algorithm was used to correct for
translational and rotational motion during the cardiac cycle .
The radial method was used to calculate wall motion, with
each image divided into 100 segments . For each segment the
percent area reduction was obtained as [(diastolic area ૕
systolic area) + diastolic area] x 100% . As previously
described (22), the 100 segments were grouped into seven
anatomic regions for the apical four૕chamber view and six
anatomic regions for the short૕axis view . To determine the
reproducibility of the wall motion analysis, echocardio૕
graphic images from 14 children were independently digi૕
tized by a second cardiologist .
Regional wall motion was assessed by three distinct
methods. Mean area percent reduction was computed for
each anatomic region as the average area reduction of all
segments contained within that region (non૕normalized ap૕
proach). Normalized percent area reduction was obtained by
dividing the mean area reduction of each region by the
average area reduction of all segments combined . The nor૕
malized analysis demonstrated regional wall motion abnor૕
malities after correction for globally reduced wall motion .
Finally, the intersegmental variance in area reduction was
analyzed to account for variability of wall motion within an
anatomic region. If a few segments within an anatomic
region have depressed regional wall motion, the mean area
reduction of the region could still be "normal" if other
segments in the region have compensatory hyperactivity .
This would result in a greater variance in segmental short૕
ening within the region . For each patient, all three analyses
were compared with identical analyses from 78 normal
children aged I month to 14 years, with the normal range
defined as the 95% confidence interval based on those
children .
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Exercise testing. Treadmill exercise testing was per૕
formed using a modified Bruce protocol with 12૕lead ECG
monitoring. Children were exercised to "exhaustion," that
is, to the point when they said they absolutely could run no
longer, despite encouragement from parents and staff
. All
electrocardiograms obtained before exercise, at each stage
of exercise and during recovery were reviewed by one of us
.
Technetium૕99m sestamilbi myocardial perfusion imaging .
Myocardial perfusion imaging used technetium૕99m methoxy૕
isobutyl isonitrile (sestamibi) (DuPont Pharma Co.) . Be૕
cause technetium૕99m sestamibi has no significant "redistri૕
bution" over a 4૕ to 6૕h period (23), two injections of the
radiopharmaceutical agent are necessary to obtain rest and
peak exercise myocardial perfusion images (24) . Rest and
postexercise myocardial perfusion imaging were performed
by using a protocol similar to that described by Taillefer et
al . (25) . Patients were given an injection of 0 .1 mCiJkg of
technetium૕99m sestamibi for the rest myocardial perfusion
study. During exercise, a second dose of technetium૕99m
seslamibi (0 .3 mCi/kg) was given when the patient said he or
she could exercise no longer . After this injection, the chil૕
dren were encouraged to run for an additional 30 to 60 s . For
each study, imaging was begun 45 to 60 min after injection of
the tracer . If a patient moved during imaging, scanning was
repeated .
Single૕photon emission computed tomographic (SPECT)
images were recorded using a Siemens Orbiter gamma
camera equipped with an ultrahigh resolution collimator,
using a circular orbit with 64 stops and a 64 x 64 matrix or
a Siemens Multispect 3 system . Studies were recorded on an
ADAC 3300 system or a Siemens ICON system. Reconstruc૕
tion was done using a Butterworth filter (cutoff 0 .45 to 0 .55,
order 5 to 10) . All studies were converted to the ICON
system format for review .
Myocardial perfusion SPECT images were independently
interpreted by two experienced nuclear medicine specialists .
The reviewers had no knowledge of the patient's history,
clinical status and other test results. Left ventricular cross૕
sectional, horizontal long૕axis and vertical long૕axis views
were analyzed from both rest and exercise images . Each
view was divided into segments for grading of myocardial
perfusion; the short૕axis image into three segments, horizon૕
tal long૕axis image into six segments and vertical long૕axis
image into four segments (Fig . 1). In addition to the two
vertical long૕axis image segments shown in Figure 1, the left
ventricular free wall as scanned posterolaterally (segment
12) and the septum as scanned anteromedially (segment 13)
were also analyzed from this view . Segments were selected
to correspond to regional areas used for echocardiographic
wall motion analysis (22) . Tracer uptake in each of the 13
segments per SPECT image was independently graded as
having normal (or homogeneous) uptake or having mildly,
moderately or severely decreased uptake . When the review૕
ers disagreed on the grading of a segment, the worst grade
given by either reviewer was used for analysis .
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Rest and ambulatory ECG. A rest ECG was recorded
before exercise testing. Rest ECGs at the time of testing and
all immediate postoperative ECGs were reviewed by one of
us. All 24૕h ambulatory ECG recordings were interpreted by
a single reviewer .
Statistical analysis. Summary statistics are presented as
mean value ± SD or median and range . A paired t test was
used to compare the maximal heart rate during exercise
testing with that from Hotter monitoring . Comparisons of the
distribution and severity of perfusion grades between pa૕
tients with different coronary artery patterns were done with
the Fisher exact test. Analysis of interobserver agreement
for the interpretation of technetium૕99m sestamibi SPECT
images used a weighted kappa statistic (26) . The weighting
gave greater importance to more discrepant gradings be૕
tween reviewers. Two alternate weighting schemes were
tested and gave similar results .
Several statistical approaches were used to compare
perfusion grades between rest and peak exercise technetium૕
99m sestarnibi SPECT studies. The first analysis was a
binomial probability test involving segments classified as
showing a change in perfusion with exercise . The binomial
probability test compared the proportion of segments having
improved perfusion with exercise to that expected if the
change were random (namely 0.5) (27). The Wilcoxon signed
rank test was used to compare the distribution of segment
perfusion grades before and after exercise (27) . The kappa
statistic was also used to compare rest and postexercise
perfusion grades of a segment (26) .
All statistical analyses were performed using STATA
statistical software (version 3.00,1992 ; Computing Resource
Center). Statistical significance was assessed by using a
cut૕off p value of 0 .05 .
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Figure 1 . Sections of myocardial perfusion
single૕photon emission computed tomographic
(SPECT) images. Diagrammatic representation
of segments for analysis of technetium૕99m
sestamibi SPECT images . Three views of the
left ventricle were analyzed for each rest and
peak exercise study : short axis (A), horizontal
long axis (B) and vertical long axis (C) . The
numbers in the figure correspond to the follow૕
ing segments: short૕axis view, 3 segments૕1 =
septum, 2 = posterior free wall and 3 = lateral
free wall; horizontal long૕axis view, 6 seg૕
ments૕4 = basal septum, 5 = mid૕muscular
septum, 6 = apical muscular septum, 7 = apex,
8 = lateral apical free wall and 9 = basilar free
wall ; vertical long૕axis view, 4 segments૕10 =
posterior free wall and I I = lateral free wall .
Two segments from the vertical long૕axis view
are not shown : segment 12, representing the left
ventricular free wall as scanned posterolater૕
ally, and segment 13, the ventricular septum as
scanned anteromedially (see text) .
Results
Echocardiographic studies (Table 1) . Doppler echocardi
ography . Moderate supravalvular aortic stenosis (40 mm Hg
maximal instantaneous gradient) was seen in one patient . No
patient had valvular or subvalvular aortic stenosis . Neoaor૕
tic regurgitation was graded as none in 11 (47 .8%), trace to
mild in 11 WAN and moderate in 1 (4 .4%). Moderate
supravalvular pulmonary stenosis (aQ mm Hg maximal
instantaneous gradient) was seen in three children . Patients
15 and 23 had no evidence of significant residual coarctation .
Left ventricular function . In seven patients, M૕mode
recordings of sufficient quality for measuring shortening
fraction could not be obtained. In the other 16 patients
(69.6%), the shortening fraction ranged from 27% to 42 .9%
(mean 35.6 ± 5.3%) .
Left ventricular contractility . Adequate studies were ob૕
tained in 12 child . en (52.2%) . Left ventricular contractility in
these children was within the previously determined normal
range for the relation between rate૕corrected velocity of
circumferential fiber shortening and end૕systolic wall stress
(Fig. 2) (21) .
Wall motion. Satisfactory images for regional wall mo૕
tion analysis were available for 17 patients (73.9%) . A total
of 420 anatomic regions were analyzed . Because the normal
range was defined as the 95% confidence interval, up to 5%
of regions, or 21 total anatomic regions, would be expected
to display "abnormal" motion on the basis of chance alone .
There was greater variance in the basal region of the
four૕chamber long૕axis views in both normal children and
study patients compared with other segments, but no partic૕
ipant had an abnormally large variance within an anatomic
region. One reviewer found normal regional or global wall
motion abnormalities in 14 patients . The second reviewer
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Figure 2. Left ventricular contractility . Relation between rate૕
corrected velocity of circumferential fiber shortening (VCFc) and
end૕systolic wall stress . Analysis was available for 12 study pa૕
hats. The sand line represents the mean values and the dashed lines
the 95th% confidence intervals from control children (21) . Circ
circumference .
found that 15 of 17 children had no evidence of wall motion
abnormalities . Two children (Patients I and 14) with five
short૕axis images analyzed by the second reviewer, each had
two anatomic regions with abnormal wall motion from only
one of five short૕axis images . Their other four short૕axis
tracings and the long૕axis tracings had no regional or global
wall motion abnormalities . Both of these children's images
had been analyzed by the first reviewer .
Treadmill exercise stress tests (Table 1) . Exercise tests of
two 4૕year૕old children ended prematurely because one fell
during testing (Patient D and the other refused to continue
after 4 .6 min (Patient 17) . Both had a significantly increased
heart rate at the time they received their second dose of
technetium૕99m sestamibi (71 .7% and 92.7% above rest
heart rate, respectively) . For the other children, the maximal
heart rate at peak exercise ranged from 153 to 202 beats/min
(mean 181 .7 ± 13.5) . With exercise, heart rates increased
from 51 .5% to 180 .9% (mean 108 .3 ± 32.5%) above rest
rates .
For the 21 children who ran to "exhaustion," exercise
capacity was compared with published age૕dependent norms
(28,29) . Exercise capacity was at the 99th percentile in one
patient, at the 50th percentile in four, between the 25th and
50th percentile in five, at the 25th percentile in seven and
between the 10th and 25th percentile in four . During exercise
testing, all patients remained asymptomatic . None of the 17
patients without bundle branch block had ECU evidence of
ischemia or ectopic activity .
Myocardial perfusion scans . Each of the 23 patients' rest
and exercise technetium૕99m sestamibi SPECT images were
divided into 13 segments, yielding 299 segments each at rest
and peak exercise . This gave a total of 598 segments from all
images for analysis . Table I summarizes the number of
segments with a perfusion scan abnormality for each patient .
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Only Patient 10 had completely homogeneous myocardial
perfusion scans both at rest and exercise . The remaining 22
participants (95
.6%) had at least one segment in either rest or
exercise images interpreted as having at least a mild perfu૕
sion defect . A representative myocardial perfusion SPECT
study is depicted in Figure 3, showing both rest and exercise
images from the same patient (Patient 20) in the three
standard views.
Studies at rest . Of the 299 segments, 225 segments
(75.3%) were normal . Eleven (3 .7%) had mild, 45 (15%) had
moderate and 18 (6%) had severe perfusion abnormalities
(Fig . 4) . No perfusion abnormalities were identified in the
posterior free wail (segment 12) in any patient . The most
common locations of perfusion scan defects were the lateral
free wall, as viewed in the short૕axis image (segment 3) in 15
patients (65 .2%) and the lateral apical free wall segment, as
viewed in the horizontal long૕axis image (segment 8) in 12
patients (52 .2%) .
Studies
at peak exercise . Of the 299 segments, 237
(79.3%) were normal (Fig . 4). Twenty૕four segments (8%)
had mild, 33 (11 %) had moderate and 5 (1 .7%) had severe
perfusion abnormalities . With exercise, the apicolateral seg૕
ments remained the most common areas of hypoperfusion,
with 14 patients (60 .9%) having perfusion scan defects in
segment 3 and 13 (56 .5%) having defects seen in segment 8 .
Of the 299 segments, 246 (82 .3%) had the same perfusion
grade in the peak exercise technetium૕99m sestamibi SPECT
images as in the rest images (Fig. 5) . This group included 218
normal segments and 4 segments with mild defects, 19 with
moderate defects and 5 with severe defects in the rest
studies . Of the 53 segments (17 .7%) given a different perfu૕
sion grade at peak exercise than at rest, 42 (79 .2%) had
improved perfusion (Fig . 3,) and It (20 .8%) had evidence of
worse perfusion with exercise . The latter segments were
distributed among three patients (Patients 2, 10 and 22) .
The number of segments with perfusion scan abnormali૕
ties and the worst perfusion grade/patient were compared
between patients with the usual coronary artery pattern for
transposition (n = 21) and patients whose left circumflex
coronary artery arose from the right coronary artery (n = 7) .
Separate analyses were done for rest and peak exercise
images . For each comparison, there were no significant
differences between patients with the two most common
coronary artery patterns .
Each patient with a surgically closed ventricular septa)
defect had perfusion abnormalities in segments in rest im૕
ages that included the area of ventricular septal defect
repair. There were 12 segments with defects probably due to
a ventricular septal defect patch, accounting for 16
.2% of all
rest study defects. These defects were graded as severe in
three patients, moderate in three patients and mild in one
patient . In three of these patients . the segments that included
the ventricular septal defect were believed to have less
severe perfusion abnormalities during exercise than at rest .
Three statistical approaches were used to assess whe i her
segments that had a change in perfusion grade were more
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likely to improve with exercise than expected by chance .
The binomial probability test (p < 0 .0001), the Wilcoxon sign
rank test (z = 2.90, p < 0.005) and the kappa statistic (k
13.3, p < 0.001) all support the conclusion that segments
demonstrated improved perfusion significantly more often
than expected by chance .
The grading of segments by the two nuclear medicine
specialists was compared separately for rest and exercise
Agure 4. Perfusion grades of rest and peak exercise technetium૕
99m sestamibi single૕photon emission computed tomo૕
graphic (SPELT) images . Comparison of perfusion grades given to
segments from rest and peak exercise technetium૕99m sestamibi
SPECT imaging. Ban represent percent of rest or peak exercise
i segments given a particular perfusion grade .
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n
®
P.* Exercise
Normal Mild Moderate Severe
Grade
JACC Vol . 23, No . 2
February 1994 :424૕33
Figure 3 . Technetium૕99m sestamibi myocardial perfusion single૕
photon emission computed tomographic (SPECT) images from
Patient 20 obtained after administration of tracer at rest (top row)
and peak exercise (bottom row). Image planes are as labeled and
correspond to the sections shown in Figure 1 . At rest, there was
thought to be a mild SPECT abnormality in the lateral free wall of
the cross૕sectional image, which showed some lessening with exer૕
cise . At rest, there was a moderate apical defect in the horizontal
long૕axis image and a severe defect in the vertical long૕axis image .
During peak exercise, these areas had normal tracer uptake .
SPECT images and for all segments combined. As assessed
with either of two weighting schemes, the agreement be૕
tween reviewers was >90% for all comparisons . The kappa
statistics ranged from 0 .54 to 0 .65 (p < 0 .001), suggesting
moderate to substantial agreement between reviewers (30) .
Surface and 24૕h ambulatory ECG recordings (Table 1),
After the arterial switch operation, six children (26 .1% [5
with a ventricular septal defect]) had a complete right bundle
branch block pattern, making interpretation of ischemia
impossible . Of the remaining 17 patients, 11 (64 .7%) had
transient ST segment or T wave abnormalities on serial daily
ECGs immediately after the operation. Of these 11 children,
2 (Patients 7 and 9) had ECG evidence of myocardial
ischemia that resolved by postoperative day 3 . Nonspecific
ST segment and T wave changes resolved within 10 days
JACC Vol. 23, No . 2
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Figure 5. Change in lechnelium૕99m sestamibi myocardial perfu૕
sion single૕photon emission computed tomographic (SPECT) seg૕
ments with exercise. Change between rest and peak exercise
technetium૕99m sestamibi SPECT perfusion grade for segments .
The perfusion grade given to the segment from the rest study is
shown at left and that given to the segment in the peak exercise
image is shown at right . The numbers in parentheses represent the
number of segments .
after the operation in nine children but persisted for up to I
month in 2 (Patients 3 and 4) .
At the time of the study, all children were in sinus
rhythm. No participant met ECG criteria for left ventricular
hypertrophy . Patients 13, 15 and 17 had clear or probable
right ventricular hypertrophy by ECG criteria. Of the 17
patients without complete bundle branch block, none had
ECG evidence of myocardial infarction or ischemia at rest .
During 24૕h ambulatory ECG monitoring, all participants
were asymptomatic . All had an underlying sinus rhythm,
with 12 (52 .5%) having periods of sinus arrhythmia or
wandering atrial pacemaker . Each participant had appropri૕
ate heart rate responses to activity and normal circadian
variability. The minimal heart rate ranged from 39 to
69 beats/minute, with maximal heart rates between 150 and
225 beats/min. The range of heart rates reflected an increase
above the minimal rate of 229 .8 ± 58.7% and above the
average rate of 99 .5 :" 31.5%. Two patients (Patients 15 and
23) had frequent junctional escape beats during periods of
sinus arrhythmia . Nineteen patients (82 .6%) had rare or
occasional atrial premature beats. Ventricular premature
beats were recorded from 15 subjects (65 .2%), but high grade
ventricular ectopic activity was not observed . There were no
episodes of supraventricular or ventricular tachycardia .
Discussion
Myocardial perfusion scans. Our study reveals that
after a primary arterial switch operation, abnormalities of
left ventricular myocardial perfusion scans as assessed by
technetium૕99m sestamibi SPECT are extremely common
both at rest and peak exercise . The most common location of
WEINDLING ET AL
.
	
431
MYOCARDIAL PERFUSION AFTER ARTERIAL SWITCH
perfusion scan abnormalities was the apicolateral free wall of
the left ventricle . The significance of these perfusion scan in૕
homogeneities is not clear, especially in view of the excellent
clinical outcomes and otherwise normal noninvasive find૕
ings .
Technetium૕99m sestamibi produces excellent myocar૕
dial perfusion images at a lower radiation dosage than that of
thallium૕201 (31૕33) and its results have a high correlation
with thallium૕201 SPECT results (23,33૕35) . In adults, the
sensitivity and specificity of technetium૕99m sestamibi
SPECT imaging in detecting coronary artery insufficiency
have been between 86% and 90% (36,37) and there is a
similar correlation with regional wall motion abnormalities
detected echocardiographically as with thallium૕201 SPECT
imaging (33) .
The lack of redistribution of technetium૕99m sestamibi
necessitates two injections to obtain rest and peak exercise
images . Results of same૕day rest and exercise protocols
have shown good agreement with 2૕day protocols in adults
(24,25,38) . Protocols in which rest imaging precedes stress
studies have gained favor because of better image contrast,
particularly with the more important stress images (25) .
Three previous inve ,;tigotions (13૕15) used thallium૕201
to study myocardial perfusion in children after an arterial
switch operation . Vogel et al . (15) studied myocardial per૕
fusion and regional wall motion using thallium૕201 SPECT
imaging with isoproterenol stress in 21 children . None of the
seven children who underwent a primary arterial switch
operation had perfusion scan or wall motion abnormalities .
In contrast, 8 of 14 children who underwent a two૕stage
arterial switch operation had perfusion scan abnormalities,
and 7 of the 8 had corresponding regional wall motion
abnormalities by echocardiography, suggesting that the wall
motioa abnormalities might be due to impaired myocardial
perfusion. Using planar imaging, Bj6rkhem et al. (14) found
perfusion scan abnormalities in two of seven children, one of
whom had an occluded left coronary artery by angiography .
In a study of 40 children using planar thallium૕201 imaging,
Fukushima et al . (13) found perfusion scan defects in 3
patients, 2 of whom had angiographic evidence of coronary
artery occlusion .
Hayes et al . (39), using technetium૕99m sestamibi, ob૕
served perfusion scan abnormalities in all 10 children they
studied after an arterial switch operation . As in our study,
approximately 25% of segments had perfusion scan defects
at rest .
It is likely that coronary artery problems after an arterial
switch operation will be related to proximal stenosis or
kinking of the translocated coronary artery (6,9,40) or to
inadequate growth of the coronary૕aorta anastomosis (10) .
This type of proximal obstruction might be expected to
cause widespread areas of hypoperfusion, whic .
, ,i were not
found in the children in our study . Indeed, the one patient
with proximal stenosis of the left coronary artery did have
perfusion scan defects on rest technetium૕99m sestamibi
SPECT images in the distribution of the left coronary artery .
Rest Peak૕exercise
Normal (218)
Normal (225) Mild Defect
<
(5)
Moderate Detect (2)
Normal (3)
Mild Detect (11)
<
(4)Mild Defect
Moderate Defect (4)
Normal (14)
Moderate Defect (45) Mild Defect (12)
< 'Moderate Defect (19)
Normal
(2)
Severe Defect (18) Mild Defect (3)
Moderate Defect (8)
Severe Defect
(5)
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These defects were thought to improve with exercise, pre૕
sumably as a result of improved blood delivery through
collateral vessels .
Most of the defects seen in our study involved only a
small area of a segment . These perfusion scan abnormalities
probably reflect arteriolar or capillary processes below the
resolution of coronary angiography
. These perfusion scan
defects might reflect events occurring at the time of opera૕
tion, possibly resulting from inhomogeneous myocardial
protection, embolism or other intraoperative insults (13) .
This might explain the large number of myocardial perfusion
abnormalities in the lateral free wall of the left ventricle . This
"watershed" region, supplied by the distal left anterior
descending or the distal posterior descending coronary ar૕
tery, might be particularly vulnerable during cardioplegia .
Hayes et al . (39) reported technetium૕99m sestamibi perfu૕
sion scan abnormalities in 25% of segments after cardiac
operations requiring cardiopulmonary bypass but without
coronary artery manipulation . This finding supports the role
of intraoperative events in these perfusion abnormalities .
The primary limitation of nuclear scintigraphy for assess ..
ing myocardial perfusion in children who have had cardiac
surgery is the lack of normal control data in the pediatric age
group because ethical considerations preclude the exposure
of healthy children to nuclear scintigraphic imaging agents .
The functional significance of such defects is unclear, but
there are no data to suggest that they represent areas at
ongoing risk for myocardial ischemia .
It is important that the perfusion scan defects in our
patients tended to be stable or improve with exercise . In
contrast to findings in adults with coronary artery disease, in
whom significant coronary stenosis or occlusion is associ૕
ated with worsening of perfusion scan abnormalities with
stress (25,36,37), such worsening did not occur in our
patients. Although fixed perfusion scan defects would sug૕
gest the presence of infarcted myocardium, there was no
evidence of infarction by ECG or echocardiographic assess૕
ment of wall motion or ventricular function .
The mechanism responsible for the decreased severity of
perfusion scan defects with exercise is not clear but possibly
reflects enhanced myocardial flow in response to the in૕
creased metabolic demands of exercise . This might occur
through vasodilation of original, mildly obstructed arterioles
or arteries . Alternatively, recruitment of additional collateral
vessels might account for improved flow under physiologic
stress .
Ventricidw function. In these patients, left ventricular
function was preserved after an arterial switch operation at
mid૕term follow૕up. Of the 16 patients with adequate images
to assess left ventricular function by echocardiographic
criteria, 15 had a shortening fraction >28%®, and the other
patient had a shortening fraction just below the lower limit of
normal (28%) . Left ventricular contractility (21) was normal
for the 12 patients for whom this relation could be assessed .
In contrast to the findings of Vogel et al . (15), none of our
patients had regional wall motion abnormalities, even though
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technetium૕99m sestamibi perfusion scan defects were com૕
mon . The number and severity of perfusion scan defects
seen in the patients with regional wall motion analysis were
similar to those seen in patients without this analysis . The
very high sensitivity of technetium૕99m sestamibi SPELT
myocardial perfusion imaging may result in the detection of
defects that are too small to cause detectable alterations in
ventricular function or regional wall motion . Alternatively,
adjacent areas of myocardium may have compensated for
abnormal function in regions with a perfusion defect . How૕
ever, this possibility was not supported by analysis of the
variance in wall motion within anatomic regions .
Exercise capacity. To our knowledge, this study presents
the first published data on exercise tolerance in children after
an arterial switch operation . Although it is difficult to know
that young children have exercised to "exhaustion," each
patient had a significant increase in heart rate with exercise .
All patients had exercise capacities within normal limits,
although some had levels in the low normal range. The lower
exercise tolerance in some patients might have been related
more to motivational factors than to true fatigue . However,
the maximal heart rate and the increase in heart rate with
exercise suggest that these patients were adequately stressed
and that the testing environment simulated their daily max૕
imal activity. This is supported by the similarity between the
maximal heart rates recorded during 24૕h ambulatory ECG
monitoring and during exercise testing (177.9 ± 20.3 vs.
181 .7 ± 13.5 beats/min, p = NS). The normal exercise
tolerance, lack of symptoms or ECG changes all suggest
normal myocardial perfusion with the physiologic stress of
exercise in children 4 to 8 years after an arterial switch
operation .
Conclusion . The long૕term outlook for children after an૕
atomic correction for transposition of the great arteries
remains optimistic. The clinical course and noninvasive
findings by echocardiography and exercise testing suggest
that over the intermediate term, ventricular function is
preserved not only at rest, but also under the physiologic
stress of exercise. Perfusion scan defects of uncertain clini૕
cal significance that generally lessen with exercise are com૕
mon findings by myocardial scintigraphy . Continued pro૕
spective assessment is necessary for patients after an arterial
switch operation, even in those who remain asymptomatic .
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